DNA fragments (generated by BamHI treatment) with no homology to the yeast genome were transformed into Saccharomyces cerevisiae. When the fragments were transformed in the presence of the BamfH enzyme, they integrated into genomic BamHI sites. When the fragments were transformed in the absence of the enzyme, they integrated into genomic G-A-T-C sites. Since the G-A-T-C sequence is present at the ends ofBamiI fragments, this result indicates that four base pairs of homology are sufficient for some types of mitotic recombination.
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Illegitimate recombination events join two DNA molecules (or two noncontiguous parts of a single DNA molecule) without the requirement for extended sequence homology. In a number of human genetic defects caused by genomic rearrangements (1-6), either no homology or very limited homology has been detected at the junctions of the rearrangements (7, 8) . Similar recombination events have also been characterized in bacteria (9) .
In most organisms, nonhomologous integration of introduced DNA is more common than homologous integration. For example, in mammalian cells, only one in one thousand transformants contains the transforming DNA in a homologous position (10) . In contrast, in Saccharomyces cerevisiae, all transformants analyzed contained the transforming DNA in homologous positions (11, 12) . One interpretation of these results is that Saccharomyces cerevisiae has a very efficient mechanism of homologous recombination (integration) and an inefficient mechanism of nonhomologous recombination. Alternatively, it is possible that yeast has no mechanism allowing nonhomologous integration of transforming DNA.
Below, we describe evidence indicating that the first of these alternatives is correct. In addition, we show that certain restriction enzymes can be transformed into yeast cells, and catalyze the integration of transforming DNA sequences.
MATERIALS AND METHODS
Plasmids. The plasmid pJL202 was constructed by Joachim Li (The Johns Hopkins University) and obtained from Jef Boeke (The Johns Hopkins University). In this plasmid, the 1.1-kilobase (kb) HindIII URA3 fragment was replaced by the HIS3 gene, leaving sequences homologous to the URA3 flanking region on both sides of the HIS3 gene.
The URA3 fragment used in our transformation experiments was derived from the plasmid pM20 constructed by Sue Jinks-Robertson (Emory University) and Martin Kupiec (Tel Aviv University). This plasmid was constructed by "filling-in" the cohesive ends of the 1.1-kb HindIII fragment containing the URA3 gene and inserting this fragment into the HincIl site in the polylinker of pUC7. Thus, the URA3 gene in pM20 is flanked by BamHI sites and (outside of the BamHI sites) by EcoRI sites.
Strains and Media. The yeast strain OD5 (MATa leu2-3,112 his3-11,15) was obtained from Walter Spevak (University of Vienna). An isogenic strain (RSY12) lacking URA3 sequences was constructed by replacement of the entire open reading frame of URA3 (13) with the HIS3 gene. Plasmid pJL202 (described above) was digested with Xho I and Not I and strain OD5 was transformed to histidine prototrophy. The complete deletion of URAS sequences in strain RSY12 was verified by Southern analysis.
Growth, minimal medium, and sporulation medium were prepared as described (14, 15) .
Genetic and Molecular Techniques. Standard genetic techniques for sporulation, dissection of asci, and determination of phenotypes (15) and standard methods for molecular biology (16) were used except as noted below. Small-scale plasmid preparations from Escherichia coli were carried out as a modification of the boiling method (17) . A rapid procedure for the preparation of small amounts of high molecular weight yeast DNA was used (18) .
The yeast transformation procedure was that described by Schiestl and Gietz (19) . Cells from an overnight culture were resuspended in 300 ml of YPAD medium (15) and grown to a density ofabout 5 x 106 cells per ml. The cells were harvested by centrifugation and resuspended in 10 ml of sterile distilled water. The washed cells were harvested by centrifugation and resuspended in 1.5 ml of sterile TE/LiOAc (prepared by dilution of 1Ox concentrated stocks: 10x TE = 0.1 M Tris-HC/0.01 M EDTA, pH 7.5 and 1Ox LiOAc = 1 M LiOAc adjusted to pH 7.5 with dilute acetic acid). The cells were then incubated for 1 hr at 30'C with constant agitation.
About 50 Al of plasmid DNA solution prepared as described below and 20 p.l of a solution of denatured salmon sperm DNA (10 mg/ml) were added to a Microfuge tube containing 200 ,.1 of cells in TE/LiOAc. In experiments 2-4, an aliquot of 10x concentrated stock of restriction enzyme buffer (described below) sufficient to yield a final 1 x concentration was also added. The resulting mixture was incubated for 30 min at 30'C with constant agitation. Sterile 40%o PEG 4000 (1.2 ml of40%6 polyethylene glycol 4000 in lx TE/l x LiOAc) was then added, and the cells were incubated for 30 min at 30'C with agitation. The suspension was transferred to 420C for 15 min and then spun in a Microfuge for 5 sec. Cells were washed once with 0.5 ml ofTE and resuspended in 1 ml ofTE; 200 A.l of the suspension was plated on each selection plate.
Plates were incubated at 30'C until colonies appeared.
For experiment 1 ( DNA, 100 units of BamHI enzyme, and the appropriate concentration of BamHI restriction buffer. The other half was added to an identical solution lacking the BamHI enzyme. The remainder of the transformation procedure was performed as described above. In experiment 4, after digestion ofthe plasmid DNA, the BamHI enzyme was inactivated by heat treatment (70TC for 10 min). The sample was then split in half. One aliquot was used to transform yeast without any further additions; BamHI (100 units) was added to the second aliquot before transformation.
From several of the yeast transformants with a URA3 gene inserted at a nonhomologous site, the URA3 gene and its flanking DNA sequences were recovered. Genomic DNA from the transformants was treated with Bgi II and the resulting fragments were inserted into the BamHI site of the plasmid YEplacl81 (20) . The pool of recombinant plasmids was transformed into the yeast strain RSY12, and Ura' colonies were selected (21) . From the Ura' colonies, plasmid DNA was extracted (22) and used to transform E. coli to ampicillin-resistance. The sequences flanking the URA3 insertions were determined by using 18-base-pair (bp) primers homologous to the insertion 68 bp from the 5' (relative to URA3)junction (5'-CGGAGATTACCGAATCAA) and 42 bp from the 3' junction (5'-GAATCTCGGTCGTAATGA). Sequencing of double-stranded DNA was carried out with Sequenase (23) and a Bio-Rad sequencing cell.
The resulting sequence information was employed to design oligonucleotides that could be used to amplify "target" sites (the site without the insertion). DNA was isolated from strain OD5 and, in separate experiments, pairs of primers designed to produce a DNA fragment 150 bp in length were used in the polymerase chain reaction (PCR method as described in ref. 24) . Following amplification, the resulting fragments were sequenced directly (protocol of United States Biochemical).
RESULTS
Restriction Enzyme-Mediated Integration Events. The plasmid pM20 contains the yeast URA3 gene on a 1.2-kb BamHI fragment inserted into a pUC7 vector. This plasmid was treated with BamHI and transformed (19) in the presence of the BamHI enzyme into a haploid yeast strain (RSY12) that lacks URA3 sequences. About five Ura' transformants per ,gg of transforming DNA were obtained. Thirty were tested for stability of the Ura' phenotype; all were stable frequency of Ura-derivatives). Fifteen of the transformants were crossed to a ura3 strain of opposite mating type. Five tetrads were dissected from each sporulated diploid. For all 15 transformants examined, most ofthe five tetrads examined segregated 2+:2-. This segregation pattern indicates that the wild-type URA3 gene is integrated into a single genomic site in each transformant. The same 15 transformants were crossed to a haploid strain with a wild-type URA3 gene located at its normal location (chromosome V). Each diploid strain segregated 4+:0-, 3+:1-, and 2+:2-tetrads in the ratios expected for unlinked markers. Spore viability was excellent (>90%o), indicating that these transformants did not contain chromosomal translocations or large inversions.
DNA was isolated from the transformants and examined by Southern analysis. The hybridization probe was pM20. When the DNA was treated with EcoRI (which does not cut within the 1.2-kb URA3 fragment), we found that most transformants contained a single strong band of hybridization that was different in different transformants (Fig. 1) . The URA3 gene in OD5 (a strain isogenic with RSY12 that contains URA3 at its normal location) was located on an EcoPJ fragment of 13 kb, as expected from previous studies (25) (Fig. 2) . This result was unexpected because it indicates that the BamHI sites (G-G-A-T-C-C) at both junctions of the integrated URA3 gene were recreated upon insertion of the transforming fragment into the genome. To determine the mechanism of integration, we sequenced the junctions of nine different URA3 integrated fragments and obtained the "target" sequences (the genomic sequence prior to the integration event) for four of these (Fig. 3) . Approximately 200 bp of genomic sequence was obtained for each junction and the GenBank data base was searched for homology. The genomic sequences in pRS137 [representing the insertion in RSY12(B5)] were identical to those of the SGAI gene (26) . This "target" gene had aBamHI site at the position of insertion of the URA3 fragment.
To test for the generality of this unexpected result, we sequenced three other target sites. We used the flanking sequences to design pairs of oligonucleotides with the appropriate sequences to yield a DNA fragment of about 150 bp containing the "target" after application of the polymerase chain reaction (PCR). Using these primers, we amplified the genomic target sites representing the insertions in the plasmids pRS124, pRS125, and pRS126. Sequence analysis indicated that all three target sites contained a BamHI site at the position of insertion of the URA3 fragment. In summary, in four offour transformants, the insertion of the BamHI URA3 fragment into the genome had the structure predicted for a conservative integration of the fragment into a BamHI site in the genome.
To determine whether these integration events were catalyzed by BamHI, we examined the transformation properties of the URA3 fragment in the presence and the absence of BamHI. The efficiency of transformation was about 7-fold higher in the presence of the enzyme than in its absence (101 transformants versus 15 transformants; 20 pug ofDNA in each transformation). The cell viability after transformation was unaffected by the presence of the enzyme. DNA samples were prepared from the transformants, treated with BamHI, and examined by Southern analysis. The frequencies of transformants with URA3 genes with two flanking BamHI sites (see Table 1 present), 5% (2 of 39) for BamHI URA3 fragments in the absence of BamHI enzyme, and 74% (34 of 46) for BamHI URA3 fragments with the BamHI enzyme removed and then added back. These results indicate that the integration of the BamHI URA3 fragment into BamHI sites in the genome is catalyzed by the BamHI restriction enzyme, a restriction enzyme-mediated event.
The simplest explanation of the restriction enzymemediated event is that the BamHI enzyme enters the cells, perhaps in association with the transforming DNA. The enzyme cleaves the chromosomal DNA at BamHI sites, the cohesive ends of the URA3 fragment pair with those of the chromosomal DNA, and the resulting nicks are sealed by DNA ligase (Fig. 4a ). An observation that complicates this simple model is that sequences adjacent to the BamHI site at the right junction (Fig. 3) end of the URA3 fragment (Fig. 3) . The plasmid pRS125 has the complete consensus at the 3' junction plus one additional base in common with the URA3 fragment. The likelihood of a random occurrence of this sequence (G-T-C-A-G) at the 3' junction (calculated based on the 39%o G+C content of yeast DNA) is (0.2)3(0.3)2 or 0.00072; the probability of observing this sequence in one of nine transformants is 0.0065. Integration Events in the Absence of BamHI: legitimate Integration. As described above, we found that the integration events of the BamHI URA3 fragments that occurred in the absence of the enzyme usually did not regenerate BamHI sites flanking the insertion (Table 1) . To determine the nature of these enzyme-independent integration events, we sequenced three of the integrated fragments. We found that the G-A-T-C sequence at the ends of the URA3 fragment was conserved; however, there was a BamHI site at only one of the six junctions (Fig. 5) . When the target sites for two of these integration events were determined, we observed that the BamHI URA3 fragment had integrated into G-A-T-C sequences in the chromosome. Since the G-A-T-C target sequence is the same as that of the cohesive end in BamHItreated DNA, these integration events have the structure expected for a conservative insertion of the BamHI URA3 fragment into genomic DNA with a staggered cleavage of a G-A-T-C site. These results indicate the existence of a recombination mechanism in yeast that utilizes extremely small (4 bp) sequence homologies (see Fig. 4b ). Since recombination events involving little or no sequence homology were defined as "illegitimate" recombination (27), we call this type of event "illegitimate" integration.
DISCUSSION
Restriction Enzyme-Mediated Events. The observation of restriction enzyme-mediated events indicates that the BamHI restriction enzyme can enter the cell under the conditions used in the yeast transformation protocol. Although the entry of restriction enzymes into S. cerevisiae cells in vivo has not been described previously to our knowledge, it has been shown that, when the gene encoding EcoRI was expressed in yeast, the chromosomal DNA was digested, resulting in cell death (28) . A number of studies indicate that restriction enzymes can enter mammalian cells that had been made permeable by electroporation (29) . These enzymes 
